ABSTRACT: Macrocyclic peptides are capable of binding to flat protein surfaces such as the interfaces of protein−protein interactions with antibody-like affinity and specificity, but generally lack cell permeability in order to access intracellular targets. In this work, we designed and synthesized a large combinatorial library of cell-permeable bicyclic peptides, in which the first ring consisted of randomized peptide sequences for potential binding to a target of interest, while the second ring featured a family of different cell-penetrating motifs, for both cell penetration and target binding. The library was screened against the IκB kinase α/β (IKKα/β)-binding domain of NF-κB essential modulator (NEMO), resulting in the discovery of several cell-permeable bicyclic peptides, which inhibited the NEMO-IKKβ interaction with low μM IC 50 values. Further optimization of one of the hits led to a relatively potent and cellpermeable NEMO inhibitor (IC 50 = 1.0 μM), which selectively inhibited canonical NF-κB signaling in mammalian cells and the proliferation of cisplatinresistant ovarian cancer cells. The inhibitor provides a useful tool for investigating the biological functions of NEMO/NF-κB and a potential lead for further development of a novel class of anti-inflammatory and anticancer drugs.
■ INTRODUCTION
Protein−protein interaction (PPI) is a fundamental aspect of biological processes. The number of PPIs in human cells has been estimated to exceed 100 000, well above the ∼30 000 human genes. 1 Intracellular PPIs are challenging targets for current drug modalities (i.e., small molecules and biologics) and represent the largest untapped opportunity for therapeutic development. Over the past decade or so, macrocyclic peptides have emerged as a new class of drug modalities for targeting challenging proteins such as those involved in PPIs. 2−4 Several powerful platform technologies were developed to rapidly synthesize and screen large libraries of mono-and bicyclic peptides (up to 10 13 different molecules) against essentially any protein target of interest. 5−12 Macrocyclic peptides isolated from these libraries have demonstrated antibody-like affinity and specificity for binding to flat protein surfaces, including those found at the PPI interfaces. Proteolytic instability, a major limitation of peptide therapeutics in the past, has largely been overcome by cyclization and/or the incorporation of unnatural building blocks (e.g., D-amino acids). On the other hand, the poor membrane permeability of peptides (linear or cyclic) remains a major obstacle to their applications for intracellular targets. To overcome this barrier, we 13−16 and others 17−19 have previously incorporated cell-penetrating peptides (CPPs) into mono-and bicyclic peptides to render them cell-permeable and biologically active against intracellular targets. Moreover, we have demonstrated that large libraries of cell-permeable bicyclic peptides can be combinatorially synthesized in the one bead-one compound (OBOC) format 20 by incorporating a fixed CPP motif (typically 5 to 7 residues) in one ring and a degenerate/ random peptide sequence in the second ring. 21, 22 The OBOC libraries were then directly screened for binding to an intracellular protein of interest in vitro, resulting in hit peptides which are cell-permeable and capable of modulating the biological activity of the target protein in a cellular setting. We anticipated that the previous design is likely to discover bicyclic peptides in which the two rings perform separate functions, with one ring (the CPP ring) for cellular entry while the other for binding to the target protein. We envisioned that, by replacing the fixed CPP motif with a "library" of different CPP sequences, it might be possible to identify bicyclic peptides in which the CPP motif contributes to target binding in addition to ensuring cellular entry. This would greatly decrease the size of the bicyclic peptides without compromising their potency, specificity, or permeability, thereby improving the "drug-likeness" of the ligands. Herein we demonstrate the validity of this approach by discovering a moderately potent and cell-permeable bicyclic peptidyl inhibitor against a regulatory protein of the canonical NF-κB signaling pathway, NF-κB essential modulator (NEMO).
NF-κB is a family of transcription factors that play key roles in regulating immune response, inflammation, cell differentiation, and cell survival. 23, 24 Two different signaling pathways lead to the activation of NF-κB, known as the canonical and noncanonical pathways. During canonical NF-κB signaling, receptor activation at the cell surface results in the formation of an active inhibitor of κB (IκB)-kinase (IKK) complex consisting of IKKα, IKKβ and NEMO (which is also called IKKγ). The activated IKKα/β phosphorylates IκB, causing proteasomal degradation of IκB and release of NF-κB, which then translocates into the nucleus and turns on transcription of target genes. Aberrant activation of the canonical pathway is implicated in many inflammatory and autoimmune diseases, as well as cancer. 25−27 Noncanonical NF-κB signaling, which is required for lymphoid organogenesis and B cell survival and maintenance, is mediated through a different set of cell surface receptors and cytoplasmic adaptors and does not involve NEMO. 28 Inhibition of the NEMO-IKK interaction represents an attractive anti-inflammatory and anticancer strategy, as it would block the IKK activity induced by pro-inflammatory stimuli but not affect the basal NF-κB activity required for normal B and T cell function. 29 In contrast, direct inhibition of NF-κB or inhibitors against IKKα/β would inhibit both signaling pathways causing greater toxicity.
As an intracellular PPI, the NEMO-IKK complex has been a challenging target for drug discovery. Despite more than a decade of intense efforts, small-molecule inhibitors of modest potency against the NEMO-IKK interaction (IC 50 ∼ 20 μM) have only recently been reported. 30−32 It remains unclear whether these modest hits can be further developed into potent and selective inhibitors. A weak peptidyl inhibitor, Antp-NBD (K D ∼ 37 μM), which consists of the 11-residue NEMO-binding domain (NBD) of IKKβ covalently linked to a CPP, Drosophila Antennapedia domain (Antp), was also developed. 33 Antp-NBD has been used as an NF-κB inhibitor in numerous in vitro and in vivo studies. For example, it has demonstrated in vivo efficacy for treatment of acute lung injury, 34 Duchenne muscular dystrophy, 35, 36 and large B-cell lymphoma 37 in murine and canine models. However, its low potency and poor pharmacokinetics (e.g., serum half-life of ∼15 min) prevented further clinical development. We 38 and others 39 have attempted to improve the potency, proteolytic stability, and/or cell-permeability of Antp-NBD through cyclization, but the potency of the resulting peptides remained rather modest (IC 50 in the low μM range). In this work, we have discovered a relatively potent bicyclic peptidyl inhibitor against the NEMO-IKK interaction (IC 50 = 1.0 μM), by screening of a combinatorial library followed by limited optimization. In cell culture, the inhibitor blocks the activation of IKKs and the transcriptional activity of NF-κB, and selectively kills cancer cells with elevated NF-κB activity but not normal cells. The inhibitor provides a powerful tool compound for investigating the biological function of NEMO and NF-κB and a potential lead for further development of a novel class of anti-inflammatory and anticancer drugs.
■ RESULTS AND DISCUSSION
Design, Synthesis and Screening of Bicyclic Peptide Library. We designed a bicyclic peptide library featuring random peptide sequences of 3−6 residues in the first ring (A ring) and 12 different CPP sequences in the second ring (B ring) ( Figure 1 ). The peptide sequences in the A ring were constructed through combinatorial synthesis using a set of 24 proteinogenic and unnatural amino acids (e.g., D-amino acids; Figure S1 ). The 12 CPP sequences consisted of different combinations of two or three aromatic hydrophobic residues (Lor D-Phe and L-or D-naphthylalanine) and three or four L-or Darginine residues 40 (Table S1 in Supporting Information) and Figure 1 . Structures of the bicyclic peptide library, hit #4, and peptide 7. Amino acid residues in peptide 7 are numbered from N-to C-terminus. The CPP sequence is shown in red, whereas the residues modified during optimization are shown in blue color. B, β-alanine; CPP, cell-penetrating peptide; Hmb, hydroxylmethylbenzoyl; Pra, propargylglycine; Δ, L-2,3-diaminopropionic acid (Dap).
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Article were prepared by parallel synthesis. Because the NEMO surface near the IKK-binding site is negatively charged (vide infra), 41 we envisioned that in addition to ensuring cell penetration, some of the positively charged CPP sequences might also interact electrostatically with the negatively charged NEMO surface. The bicyclic library has a theoretical diversity of 2.4 × 10 9 and was synthesized on 130-μm TentaGel beads in the one bead-two compound (OBTC) format, 7 with each bead displaying a unique bicyclic peptide on its surface layer and a linear peptide of identical sequence in its inner layer as an encoding tag. The library design also included a propargylglycine-β-alaninehydroxylmethylbenzoyl ester (Pra-B-Hmb) linker, which was intended for selective on-bead fluorescent labeling and release of the bicyclic peptide for an additional round of in-solution screening, 7 although the latter turned out to be unnecessary. Approximately 600 mg of the library (∼600 000 different compounds) was screened for binding to NEMO in two different rounds as detailed under Experimental Procedures, resulting in 12 unique hit sequences (Table S2 ). Ten of these 12 peptides were resynthesized and tested for inhibition of the NEMO-IKKβ interaction by using a homogeneous timeresolved fluorescence (HTRF) assay. 42 All 10 peptides inhibited the NEMO-IKKβ interaction with IC 50 values of 3.4−28 μM (Table S2 ). The three most potent compounds (hits #1, #4, and #7 in Table S2 ) were labeled with fluorescein and their cellular uptake into HeLa cells was quantitated by flow cytometry analysis. All three peptides were cell-permeable and had similar cell entry efficiency ( Figure S2 ). Hit #4 (peptide 2 in Table 1 ) was selected for further optimization, because it showed the highest potency in the HTRF assay, with an IC 50 value of 3.4 μM (Figure 2a ).
Optimization of Hit Peptide. We conducted a limited medicinal chemistry campaign to improve the NEMO-binding affinity and/or cell-permeability of peptide 2. We first modified the CPP motif in the B ring to improve cellular uptake. Addition of a fourth arginine to the CPP motif, either inside (Table 1, Figure S3 ). Next, the proteolytic stability of peptide 7 was assessed by incubation in human serum at 37°C and quantitation of the remaining peptide as a function of time by analytical HPLC. Peptide 7 showed minimal degradation (<1%) after 20 h of incubation. Under the same conditions, Antp-NBD (Table 1 , peptide 1) was rapidly degraded with a half-life of ∼20 min ( Figure S4 ). Given its excellent proteolytic stability and respectable potency and cell permeability (163% relative to CPP1, 13 ,40 a previously reported and relatively efficient cyclic CPP; Figure 2a and 2b), we selected peptide 7 ( Figure 1 ) for further characterization.
Structural Basis of Peptide 7 Binding to NEMO. To gain insight into how peptide 7 interacts with NEMO, we performed in silico docking of peptide 7 to the NEMO protein, with the best-scoring binding pose of peptide 7 shown in Figure 3 . As expected, peptide 7 binds to the canonical IKK-binding site on NEMO, with the peptide A ring partially inserted into a hydrophobic groove normally occupied by the NBD of IKKβ. 41 The side chain of Tyr-4 is deeply inserted into a large hydrophobic pocket and excluded from the solvent ( Figure  3b ). Ile-3 interacts intimately with a shallow hydrophobic pocket on the NEMO surface, whereas Trp-2 makes surface contacts primarily through the pyrrole ring while the benzene ring is mostly solvent exposed. Gratifyingly, the B ring (CPP ring) of peptide 7 also makes important interactions with NEMO. As anticipated, the three arginine residues of the CPP motif interact electrostatically with the acidic patch next to the NBD binding groove (Figure 3c ). Phe-7, which is a part of the CPP motif, is completely buried and makes hydrophobic interaction with NEMO. Nal-8, on the other hand, is almost completely solvent exposed, although the naphthalene ring may make hydrophobic interactions with the NEMO surface.
To assess the validity of the molecular modeling results, we performed an "alanine scan" of peptide 7 by replacing each residue with an alanine (or D-alanine) and determining the IC 50 values of the resulting peptides against the NEMO-IKKβ interaction (Table 1 , peptides 11−19). Consistent with the modeling results, replacement of Trp-2, Ile-3, or Tyr-4 in the A ring with alanine significantly decreased the potency of the inhibitor (by 2-to 3-fold for peptides 12−14). Likewise, substitution of Ala for Phe-7 (peptide 15), Nal-8 (peptide 16), or D-Arg at position 10 (peptide 18) also significantly decreased the NEMO-binding affinity. Thus, both molecular modeling and Figure S1 for detailed structures. Cell-permeability values are relative to that of CPP1 (100%).
Article alanine-scan results indicate that the CPP motif in the B ring also interacts with the NEMO protein and contributes to the overall binding affinity and specificity of peptide 7.
On the basis of the SAR data, we generated two negative control peptides by replacing two (Trp-2 and Tyr-4) or three of the NEMO-binding residues in the A ring (Trp-2, Ile-3, and Tyr-4) with Ala. The resulting peptides (peptides 20 and 21) have similar cellular entry efficiencies to peptide 7, but 16-and >100-fold lower NEMO-binding affinity, respectively (Figure 2a,b and Table 1 ).
Inhibition of NF-κB Signaling. The ability of peptide 7 to enter the cell and block the intracellular NEMO-IKK interaction was assessed by using HEK293(Luc) cells, which harbor a luciferase gene under the transcriptional control of NF-κB. 33 In 
Article the absence of any inhibitor, treatment of HEK293(Luc) cells with TNFα activated the IKK complex and nuclear translocation of NF-κB, resulting in a 15-fold increase in the luciferase activity (Figure 2c ). Prior incubation of the cells with peptide 7 dosedependently inhibited the TNFα-induced NF-κB activation with an IC 50 value of 10 μM (Figure 2c,d ). Antp-NBD (peptide 1) also inhibited NF-κB activation, but with an IC 50 of ∼41 μM, in agreement with previous reports. 33 The two negative control peptides (20 and 21) decreased the luciferase activity only at high concentrations. It should be noted that at very high concentrations, cationic CPPs may cause nonspecific cytotoxicity to mammalian cells and reduce the expression of the luciferase gene. Further, at high concentrations (>10 μM), CPPs can directly cross the plasma membrane through a yet poorly defined "direct translocation" mechanism, 43 in addition to endocytic uptake, resulting in much greater cytosolic entry efficiency. Both factors may cause artificially low cellular IC 50 values in the luciferase assay for poorly active peptides (such as Antp-NBD, 20, and 21). As discussed earlier, NEMO is not involved in the noncanonical NF-κB signaling pathway. A specific inhibitor against NEMO should not block the basal NF-κB activity, which has important physiological functions. To test whether peptide 7 also affects the basal NF-κB activity, the luciferase assay was repeated in the absence of TNFα stimulation. As shown in Figure 2c , peptide 7 did not inhibit the basal NF-κB activity. Instead, it caused a small but statistically significant increase in the basal NF-κB activity (∼1.5-fold). Such a small stimulatory effect was previously reported for Antp-NBD and attributed to increased availability of IKKα/β for the noncanonical NF-κB signaling pathway when the canonical pathway is blocked. 33 To ascertain that inhibition of NF-κB signaling by peptide 7 is caused by disruption of the NEMO-IKK interaction, we treated HT29 colon cancer cells with peptide 7 and TNFα and examined the levels of phosphorylated (and activated) IKKβ and IκBα, which acts immediately downstream of the NEMO-IKK complex, by Western blot analysis. As expected, peptide 7 (0−25 μM) dose-dependently inhibited TNFα-induced phosphorylation of IKKβ, while the total intracellular IKKβ level was unchanged (Figure 2e) . Concomitantly, peptide 7 increased the intracellular level of IκBα, presumably by inhibiting TNFα-induced proteasomal degradation. The same effects on NF-κB signaling had previously been reported for Antp-NBD. 29, 33 Importantly, in agreement with the luciferase assay results (Figure 2c ), peptide 7 showed no effect on the phospho-IKKβ or IκBα level when cells were not stimulated with TNFα. Taken together, the above results indicate that peptide 7 efficiently enters the cytosol of mammalian cells and selectively inhibits the canonical NF-κB signaling pathway by blocking the NEMO-IKK interaction.
Anticancer Activity. Aberrant activation of NF-κB via the canonical signaling pathway plays critical roles during the initiation and progression of certain cancers. 25 For example, NF-κB is excessively activated in ovarian cancer cell lines A2780 and CP70. 44, 45 Moreover, blocking canonical NF-κB activation in A2780 cells resulted in apoptosis. 44 We therefore tested peptide 7 for potential anticancer activity against cell lines with hyperactivated NF-κB. We first examined the entry of peptide 7 into A2780 ovarian cancer cells by live-cell confocal microscopy. Treatment of the cells with 5 μM FITC-labeled peptide 7 for 2 h resulted in intense green fluorescence inside all cells (Figure 4a) . Next, the effect of peptide 7 on the viability of A2780 and CP70 cells was assessed by a methylene blue cell viability assay. Peptide 7 dose-dependently reduced the viability of both ovarian cancer cell lines, with LD 50 values of ∼20 and 10 μM for A2780 and CP70 cells, respectively (Figure 4b ). In contrast, peptide 7 had no significant effect on ovarian surface epithelial cells (OSE), a noncancerous ovarian cell line with normal NF-κB activity. 45 The greater sensitivity of CP70 cells to peptide 7 than A2780 cells is consistent with the greater 
Article dependency on NF-κB activity by the former. 46 CP70 cells were derived from A2780 cells by subjecting the latter to low, repeated doses of cisplatin and selecting for cisplatin resistant clones. 46 Peptide 7 also reduced the viability of A375 melanoma cells, which have constitutively activated NF-κB ( Figure S5 ). Ianaro et al. previously reported that treatment of A375 cells with Antp-NBD decreased the NF-κB activity and induced growth arrest and apoptosis. 47 To determine whether the observed anticancer activity of peptide 7 is correlated with specific inhibition of the NEMO-IKK interaction, we also tested the effect of peptides 1, 20, and 21 on A2780 cells by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay. Although Antp-NBD also reduced the viability of A2780 cells in a dose-dependent manner, it was less active than peptide 7 (LD 50 values of ∼30 μM and >80 μM for peptide 7 and Antp-NBD, respectively; Figure 4c ). This is consistent with the fact that Antp-NBD is less potent in NEMO binding, less cellpermeable, and less metabolically stable than peptide 7. As expected, peptides 20 and 21 were also much less active than peptide 7 in this assay. Under the same conditions, none of the four peptides had significant effect on the viability of noncancerous OSE cells (Figure 4d ). These results strongly suggest that the observed anticancer activity of peptide 7 (and Antp-NBD) is caused by their inhibition of the NEMO-IKK interaction and NF-κB activation.
■ CONCLUSION
In summary, we have discovered a novel class of cell-permeable bicyclic peptidyl inhibitors against the NEMO-IKKα/β interaction. To our knowledge, peptide 7 represents the most potent NEMO inhibitor reported to date. Most excitingly, peptide 7 selectively inhibits the canonical NF-κB signaling pathway but not the noncanonical NF-κB pathway. Consequently, peptide 7 inhibits the proliferation and survival of cancer cells with elevated NF-κB activities but has minimal cytotoxicity to normal cells. Further optimization of peptide 7 may lead to a novel therapeutic agent for treatment of cancer and autoimmune/inflammatory diseases. Peptide 7 should also provide a useful chemical probe for investigating the biological function of NEMO and NF-κB in vitro and in vivo. In addition, we have demonstrated, for the first time, the feasibility of designing cell-permeable bicyclic peptides whose CPP motif performs the dual function of cell penetration and target engagement. This strategy results in biologically active macrocycles that are relatively small in size and have more "drug-like" properties. Indeed, with a molecular mass of 1748, peptide 7 is only slightly larger than cyclosporine A, a clinically used cycloundecapeptide natural product. Finally, the bicyclic peptide library strategy developed in this work should be applicable to the discovery of cell-permeable bicyclic peptides against other intracellular targets.
■ EXPERIMENTAL PROCEDURES
Protein Expression and Purification. Escherichia coli BL21-(DE3) cells were transformed with a pGEX4T3-NEMO (1−196) plasmid and grown at 37°C in Luria broth supplemented with 0.05 mg/ mL ampicillin to an OD 600 of 0.4. Expression of GST-NEMO was induced by the addition of isopropyl β-D-1-thiogalactopyranoside (150 μM final concentration). After 5 h at 30°C, the cells were harvested by centrifugation. The cell pellet was suspended in 40 mL of lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 0.5 mM MgCl2, 5 mM β-mercaptoethanol, 0.1% Triton-X-100, pH 8.0), 100 μg/mL lysozyme, 100 μL of DNase I (New England BioLabs), and 100 μL of Halt Protease Inhibitor Cocktail (EDTA-free) (Thermo Scientific). This mixture was stirred at 4°C for 30 min and briefly sonicated (2 × 10 s pulses). The crude lysate was centrifuged to yield a clear supernatant, which was directly loaded onto a glutathione-Sepharose 4B column (GE Healthcare). The bound protein was eluted from the column with 10 mM glutathione in 50 mM Tris-HCl (pH 8.0), concentrated to 0.5 mL with the use of Amicon Ultra-15 centrifugal filter units (MWCO 10 kDa), and dialyzed against PBS before flash freezing.
An engineered prokaryotic expression plasmid pJCC04a, 48 which encodes a fusion protein containing an N-terminal six-histidine tag, thioredoxin, a TEV protease cleavage site, and the K703R/K704R mutant form of IKKβ C-terminal fragment (amino acids 701−745) [His-thx-IKKb KK/RR (701−745)], was kindly provided by Dr. Maria Pellegrini (Dartmouth College). His-thx-IKKb KK/RR (701−745) was similarly expressed in E. coli BL21 (DE3) cells and purified by affinity chromatography using a HisTrap FF column (GE Healthcare). The fusion protein was eluted with 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 250 mM imidazole, 2 mM β-mercaptoethanol and treated with TEV protease (150 units for 1 mg of fusion protein) for 16 h at 4°C to remove the thioredoxin (thx). The resulting protease digestion mixture was reloaded onto the HisTrap column. The flow-through fraction was collected and concentrated to ∼2 mg/mL using Amicon Ultra-15 centrifugal filter units (MWCO 10 kDa). The IKKb KK/RR (701−745) peptide was biotinylated by treatment with a 10-fold molar excess of biotin-NHS at 4°C overnight. The biotinylated IKKb KK/RR (701−745) was purified by reversed-phase HPLC equipped with a C 18 column and stored frozen at −80°C.
Library Synthesis and Screening. The peptide library was synthesized on 2 g of TentaGel S NH2 resin (130 μm) by modifying a previously reported protocol. 7 A detailed description of the library design and synthesis is included in the Supporting Information ( Figure  S1 ). Library screening was performed according to previously established protocols. 7 Approximately 600 mg of the bicyclic peptide library was swollen in DCM and washed extensively with DMF, ddH 2 O and finally incubated overnight at 4°C in 1.0 mL of blocking buffer (30 mM sodium phosphate, pH 7.4, 150 mM NaCl, 0.05% Tween 20, 3% BSA and 0.1% gelatin). The solution was drained and the resin was resuspended in blocking buffer containing 1.0 μM biotinylated GST-NEMO for 4 h at 4°C. Unbound NEMO was washed away with blocking buffer and the beads were resuspended in 10 mL of blocking buffer. Twenty μL of M280 streptavidin-coated Dynabeads (Invitrogen) was added to the solution and allowed to incubate on a rotary wheel for 1 h at 4°C. The magnetic beads were isolated from the bulk by using a TA Dynal MPC-1 magnetic particle concentrator (Invitrogen). Hit beads were transferred to a Bio-Spin column (0.8 mL, BioRad) and incubated in blocking buffer containing 1.0 μM biotinylated GST-NEMO for 4 h at 4°C. The solution was drained and the resin was washed with blocking buffer to remove unbound protein.
The resin was resuspended in 1 mL of blocking buffer and streptavidinalkaline phosphatase (SA-AP) conjugate was added to the tube (1 mg/ mL final concentration). After 10 min at 4°C the solution was drained and the beads were quickly washed with 1 mL of blocking buffer (3×) and 1 mL of staining buffer (30 mM Tris pH 8.5, 100 mM NaCl, 5 mM MgCl 2 , and 20 μM ZnCl 2 ) (3×). The resin was resuspended in 1.5 mL of staining buffer in a Petri dish and 150 μL of a 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) solution (5 mg/mL) was added. After 30 min, 50 μL of 1 M HCl was added to quench the reaction and the intensely turquoise positive beads were isolated under a dissecting microscope ( Figure S6 ). The sequences of hit beads were determined using partial Edman degradation-mass spectrometry (PED-MS) 49 as previously published and representative spectra are available in Supporting Information (Figure S7) .
HTRF Assay. Recombinant GST-NEMO (20 nM), biotin-IKKβ KK/RR (701−745) (50 nM), streptavidin labeled with d2 acceptor (2.5 μg/mL), anti-GST monoclonal antibody labeled with Tb donor (2.5 μg/mL), and varying concentrations of peptide (0−100 μM) were mixed in PBS containing 1 mM TCEP and 0.01% Triton X-100 (total volume 20 μL) in a 384-well plate. The plate was incubated for 2 h at room temperature to establish an equilibrium. The HTRF signals were
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Article measured on a Tecan Infinite M1000 Pro microplate reader and plotted as a function of the peptide concentration. The data was analyzed using GraphPad Prism 6.0 and IC 50 values were obtained by fitting the data to the dose−response inhibition curves. Data presented were the mean ± SD of three independent experiments.
Flow Cytometry Analysis of Cellular Uptake. HeLa cells were seeded into 12-well plates (1.5 × 10 5 cells per well) 24 h before treatment. The next day, 5 μM FITC-labeled peptide in DMEM containing 10% FBS was added to each well and allowed to incubate at 37°C for 2 h. After compound treatment, the cells were washed with DPBS, detached from the plate with trypsin (0.25%), diluted in DMEM containing 10% FBS and pelleted at 250g for 5 min. This washing process was repeated once to remove any free compound and left over trypsin. The washed pellet was resuspended in DPBS with 1% FBS and analyzed on a BD LSR II flow cytometer. Data presented were the mean ± SD of three independent experiments.
Confocal Microscopy. A2780 cells were seeded into a glassbottomed culture dish (MatTek) and cultured overnight at 37°C (5 × 10 4 cells/mL). The next day the cells were washed with DPBS (2×) and treated with 5 μM fluorescein-labeled peptide in RPMI media containing 10% FBS, and incubated at 37°C for 2 h. The media containing the peptide was removed and the cells were washed twice with phenol-free RPMI media (2×). The cells were imaged on a Visitech Infinity 3 Hawk 2D-array live cell imaging confocal microscope equipped with a 60× oil objective.
NF-κB Luciferase Assays. Culture media was exchanged for DMEM containing 10% FBS and 1% penicillin/streptomycin the day before seeding to remove hygromycin B. HEK293(Luc) cells were seeded in 50 μL of assay medium (DMEM, 10% FBS, and 1% penicillin/streptomycin) in an opaque 96-well microplate (3000 cells per well) and incubated overnight. The peptide inhibitors were added to the cells the next day in 5 μL of assay medium and the plate was incubated at 37°C for 2 h. After that, 5 μL of assay media containing recombinant TNFα (final concentration 5 ng/mL) was added to the wells. The plate was then returned to the incubator for 4 h at 37°C. Finally, 50 μL of ONE-Step luciferase assay reagent was added to each well and after 10 min the luminescence was measured on a Tecan Infinite M1000 Pro microplate reader. Data presented were the mean ± SD of at least three independent experiments (n = 6 for basal activities).
Methylene Blue Cell Viability Assay. A2780 (2500 cells/well), CP70 (2000 cells/well) or OSE (3000 cells/well) were seeded into a 96-well microplate in 100 μL respective growth media and incubated at 37°C overnight. The following day, the seeded cells were treated with increasing concentrations of peptide for 72 h. The treated cells were washed with DPBS and fixed to the plate by treating with 3.7% formaldehyde solution for 1 h. Fixation solution was removed and the fixed cells were treated with 1.0% methylene blue solution for 30 min. Following staining, the plate was rinsed under running water for approximately five min and left to dry. Finally, 100 μL of solubilization buffer (10% acetic acid, 50% methanol, and 40% H 2 O) was added to each well and the absorbance was measured at 630 nm using a Tecan Infinite M1000 Pro microplate reader. Data presented were the mean ± SD of five independent experiments.
MTT Cell Viability Assay. HeLa, HEK293, A2780, OSE or A375 cells were seeded into a 96-well microplate (3000 cells/well) in 100 μL of respective growth media and incubated at 37°C overnight. The next day, a serial dilution of peptide was added to each well in 10 μL of assay medium. The treated cells were incubated at 37°C with 5% CO 2 for 72 h. Following compound treatment, 10 μL of MTT stock solution (Roche) was added to each well. After an additional 4 h at 37°C, 100 μL of SDS-HCl solubilizing solution was added to each well and the plate was returned to the incubator overnight at 37°C. A Tecan Infinite M1000 Pro microplate reader was used the following morning to measure the absorbance of the formazan product at 565 nm. Data presented were the mean ± SD of three independent experiments.
Immunoblot Analysis. HT29 cells were grown in a 6-well plate to 80−90% confluency in standard DMEM (Life Technologies) supplemented with 10% FBS and 1% penicillin-streptomycin sulfate at 37°C in 5% CO 2 . The cells were treated with 0, 2, 10, or 25 μM peptide 7 for 2 h followed by stimulation with TNFα (5 ng/mL) for 10 min. The cells were rapidly washed with cold PBS and trypsinized to detach from the plate. Following centrifugation and resuspension in PBS to remove any remaining trypsin the pelleted cells were lysed in 100 μL of Pierce RIPA Buffer (Thermo) containing protease and phosphatase inhibitors for 30 min on ice. Cell lysates were centrifuged at 15 000 rpm for 20 min, and the extracted proteins in the supernatant were collected. After measuring the concentration of the samples using the BCA Protein Assay Kit (Thermo) and adjusting the total protein concentration to be the same for each sample, SDS-PAGE loading buffer was added and the samples were boiled for 5 min. Equal amounts of protein were loaded onto a 10% SDS-PAGE gel (130 V, 2.5 h) followed by electrophoretic transfer to a nitrocellulose membrane at 4°C (90 V, 2.5 h). The membrane was blocked using TBST buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween-20) containing 5% milk proteins (Bio-Rad) at room temperature for 1 h and finally the membrane was probed with the following rabbit monoclonal antibodies: p-IKKα (Ser176)/IKKβ (Ser177) (Cell Signaling Technologies, 2071), IKKβ (Cell Signaling Technologies, 8943), IκBα (Cell Signaling Technologies, 4812), and β-Actin (Sigma, A5441). Primary antibodies were diluted according to the suggestion of the manufacturer and incubated with the nitrocellulose membrane overnight at 4°C. After washing, the appropriate HRP conjugated secondary antibody was added to each membrane and incubated at RT for 2 h. The membrane was washed with TBST solution again and the signals were detected with the Chemiluminescent HRP Antibody Detection Reagent (Denville, E-2500) by following the manufacturer's protocol.
In Silico Docking of Peptide 7 to NEMO. The all-atom 3D structure of peptide 7 was prepared in Maestro from the 2D structure (Schrodinger, LLC ver. 11.1) and relaxed using Polak−Ribier conjugate gradient minimization to resolve steric and torsional strain introduced during conversion. To account for the complex conformational landscape of a bicyclic peptide, a conformational ensemble of structures was obtained for peptide 7 using molecular dynamics. In brief, peptide 7 was parametrized using the OPLS3 force-field and then solvated in an orthorhombic periodic box containing 1867 TIP3P water molecules. 50 The system was neutralized with the addition of three Cl − ions and then simulated for 1 ns at 303 K and 1.01 MPa, controlled using the NoseHoover thermostat and Martyna−Tobias−Klein barostat, respectively, through the Desmond software package. 51 Structures corresponding to every 10 ps of the simulation were extracted using the Trajectory tool in Maestro. To ensure that the ensemble contains a diverse selection of initial compound geometries, the molecular dynamics structures were passed through the Macrocycle Conformational Sampling tool in MacroModel using the OPLS3 force-field. Generalized Born/Solvent Area water electrostatics were applied, sampling across a temperature range from 300 to 1000 K using a global low-mode search over 50 simulation cycles. 52 Redundant conformers (defined as a heavy-atom RMSD of ≤0.75 Å) were rejected, yielding an ensemble of 105 structures spanning an energy range of 20 kcal/mol, which were carried forward for docking.
The receptor was prepared from the reported crystal structure of a NEMO dimer (PDBID: 3 V3B), 41 by removing cocrystallized solvent and reconstructing incomplete side-chains using Prime (Schrodinger LLC). The binding site was defined as a 20-Å cube centered on the geometric mean of receptor residues Leu-93, Phe-97 and Val-104. Rigid-receptor/flexible-ligand docking was performed using extraprecision mode in Glide. 53 Ligand flexibility was accounted for by applying a scaling factor of 0.8 to ligand atom van der Waals radii and the generation of 100 000 poses per ligand sampled, for a theoretical total of 100 000 000 poses sampled for peptide 7 during the combined docking runs. Top scoring poses were subjected to a brief round of energy minimization using Embrace (Schrodinger LLC) to remove any steric clashes resulting from van der Waals' radii scaling during docking. The final poses were analyzed and electrostatic potential surfaces generated using UCSF Chimera. 
